Abstract: Brake disc cooling is an important area of research for high-performance brake disc manufacturers, users as well as academia. In high-demand braking applications, vented discs are increasingly being used as these are considered to have high heat-dissipating characteristics. The cooling efficiency of ventilated brakes depends on three key characteristics: the mass flowrate through the disc, i.e. the pumping efficiency of the rotor, the average heat transfer coefficient on the surface of the disc, and the wetted area of the rotor. Recent research has shown that the pin-vented discs have high heat transfer rates because of an increase in turbulence which results in a higher heat transfer coefficient. The pin-vented discs also have a higher resistance to thermal deformation owing to the more even distribution of material, resulting in lower thermal stress build-up within the rotor. The pin-vented discs in general have multiple rows of pins. In this paper an optimal configuration of various rows has been found for the maximum heat transfer rate. It has also been found that the ratio of wetted area of the disc to the frontal area of pins defines the heat transfer rate from the disc uniquely and can be used as a design parameter for the optimal design of a brake disc.
INTRODUCTION
In high-demand braking applications, vented discs are increasingly being used as these are considered to have high heat-dissipating characteristics. Traditionally, ventilated discs have consisted of two rubbing surfaces separated by straight radial vanes. The cooling efficiency of ventilated brake discs depends on three key characteristics: the mass flowrate through the disc, i.e. the pumping efficiency of the rotor, the average heat transfer coefficient on the surface of the disc, and the wetted area of the rotor [1, 2] . Two of the most common types of vented disc being used in an attempt to maximize these parameters are vented discs with curved vanes and vented discs with pins. The vented discs with curved vanes have been shown to have increased thermal dissipation characteristics [3] . However, the use of curved vanes requires the left and right sides of the discs to be the mirror images of each other. To overcome this problem and still have higher heatdissipating characteristics than a straight radial vane rotor, pin-vented discs are used. In this type of disc the two rubbing surfaces are separated using a series of teardrop and diamond-sectioned columns and pillars instead of radial vanes. Recent research [4] has shown that the pin-vented discs have the same order of heat transfer rate as discs with curved vanes because pin-vented discs have inherent capability to generate additional turbulence which results in a higher heat transfer coefficient. The pin-vented discs also have a higher resistance to thermal deformation because the material distribution in such discs is fairly even, resulting in lower thermal stress build-up within the rotor.
The optimization of internal vanes and pins to improve heat transfer characteristics is an active research area. The parametric optimization of existing brake discs is an integral part of the brake system design procedure as many of the parameters defining the brake's geometry and performance are often dictated by packaging constraints (the wheel diameter and offset influence the rotor diameter and calliper size respectively). Therefore, it is imperative to look for the highest performance within the system constraints. Work by Qian [5] carried out on discs with straight radial vanes has shown that, by utilizing a parametric approach to find an optimized configuration, the average heat transfer coefficient of the brake disc could be improved by 35 per cent over a baseline design. Recently, Palmer et al. [6] carried out detailed computational fluid dynamics (CFD) analysis of the flow through a pin-vented disc and optimized the first-row pin geometry for better cooling characteristics. They reported an improvement of about 10 per cent in heat transfer characteristics. The work, however, was limited to the effect of the first-row pin geometry of a pin-vented disc having three rows of pins in a staggered arrangement on the heat transfer characteristics. Further work analysing the effect of the second row of pins found that a similar improvement in the global performance characteristics of the disc could be achieved [7] .
The published literature [8] has stressed the importance of maximizing the average heat transfer rate and the wetted area when aiming for an optimized design of a brake disc. One of the largest problems facing the brake disc designer in fulfilling these criteria is identifying the balance between a design which provides a sufficiently large wetted area for the energy to be transferred to the cooling airflow and at the same time generates a sufficiently high mass flowrate to give a high heat transfer rate. This paper builds on previous work [6, 7] to study the effect of the geometry of the first, second, and third rows of pins within a pin-vented rotor on its aerodynamic and thermal performance as well as to attempt to identify new design parameters defining the rotor geometry as well as its thermal and aerodynamic performance. These in turn can be utilized by the brake disc designers to design the brake rotors for optimal aerothermal performance.
GEOMETRIC PARAMETERS
Palmer et al. [9] have shown that the pins used in a vented brake disc can be defined using wedges and NACA four series airfoils [10] with appropriate radii for casting. This method is highly robust for defining the shape of the pins as it allows complete control over the shape of the pin using only four parameters; the maximum camber, the position of the maximum camber, the thickness, and the length in the case of airfoil profiled pins. For wedge-shaped pins in the second row, only two parameters are required to control the shape of the pins: the length and thickness (defined as a percentage of the chord length), as shown in Fig. 1 . This allows the effect of changing the various parameters on the key flow field and heat transfer characteristics to be studied with relative ease.
This analysis takes a baseline rotor geometry based on a commercially available pin-vented brake rotor, consisting of a first row with a NACA0050 profile, a second row with a 40 per cent wedge profile, and a third row with a NACA0060 profile. The outer radius of the disc is 0.202 m and the three rows of pins are placed in a staggered arrangement, as shown in Fig. 2 . A commercially available disc was selected to ensure the relevance of the work presented to practical application within the automotive industry. In this analysis the geometry of the pins has been changed by varying the thickness-to-chord-length ratio of the airfoils and wedges, while retaining a fixed chord length and 0u of camber for all pins. The thickness-tochord length ratio of the pin profile for each row in turn is varied by ¡20 per cent from the baseline design, to find the effect of both increasing and decreasing the thickness of the pin with a view to obtaining an optimized pin thickness for each row. It has been deemed that a 20 per cent variation in the pin thickness would not lead to a substantial reduc- Fig. 1 Pin geometry tion in the thermal mass of the disc or its mechanical strength. A full description of pin configuration attempted has been shown in Table 1 .
MATHEMATICAL FORMULATION
In the present analysis, flow simulation through the disc has been carried out using commercially available Fluent software. The full details of the mathematical formulation can be found in the paper by Palmer et al. [6] . For completeness, essential information is presented here. The following equations are solved using the finite volume method with appropriate boundary conditions for the discretized flow domain.
The mass conservation equation
The equation
for conservation of mass is valid for both incompressible and compressible flows. The source term S m is the mass added to the continuous phase from the dispersed second phase (e.g. owing to vaporization of liquid droplets) and any user-defined sources.
Momentum conservation equations
Conservation of momentum in an inertial (nonaccelerating) reference frame is given by
The stress tensor is given by
The second term on the right-hand side of the equation accounts for the effect of volume dilation. This expression uses the eddy viscosity predicted by the K-e turbulence model, as described below.
To enable the modelling of a rotating body (in this case the disc) the code employs the rotatingreference-frame technique. This technique employs a modified version of the momentum and conservation equations. In terms of absolute velocities the left-hand side of the momentum equations becomes
v r is defined as the relative velocity and V is the angular velocity vector. The continuity equation 
Fig. 2 Geometric details of the baseline disc
An optimization study of a multiple-row pin-vented brake discemployed in rotating reference frame problems is written as
The implementation of periodic boundary (cyclic symmetry) conditions meant that only a periodically repetitive 20u section of the disc was modelled rather than the whole disc. This had the effect of making the model much smaller, translating to lower hardware requirements and saving vast amounts of computational time.
The disc was modelled as rotating in still air by implementing atmospheric temperature and pressure at the inlet and outlet boundaries. The walls of the disc are represented as smooth walls at a constant temperature of 800 K. Although this is a massive simplification of most real-life braking events, it is deemed an adequate method for the simulation of brake discs in CFD for design comparison [4, 8, 11] . Symmetry boundary conditions have been used to generate zero-shear slip walls at the edge of the domain [12] .
The speed of rotation for the simulation was 2000 r/min, correlating to approximately 100 per cent of maximum vehicle speed of a high-performance passenger car. As radiation and conduction to the hub are neglected within the simulation, higher speeds of rotation were chosen as previous work has shown that convective cooling becomes the predominate medium of heat transfer at rotation speeds above 500 r/min [11] . A complete summary of the boundary conditions used is given in Table 2 and shown in Fig. 3 .
The Reynolds number over the first row of pins is calculated from the inlet velocity obtained using the velocity predicted by the equation proposed by Limpert [13] and given by
The Reynolds number is then calculated using the hydraulic diameter of the gap between the pins of the front row as the characterizing length, yielding a value of 9.53610 5 obtained for 2000 r/min and hence turbulent flow has been assumed to take place within the disc using the transition criteria of 2610 5 stated by Baskharone [14] .
To model the turbulence the semiempirical standard K-e turbulence model with standard wall treatment is employed in this study as it has been shown to give accurate flow predictions in previous work [3] . A second-order upwind discretization scheme is utilized as part of the solution regime for greater accuracy at the cell faces.
A mesh independence analysis as well as volume mesh optimization was carried out and the final mesh structure consists of a fine mesh near the walls of the disc and a coarse mesh near the boundaries of the domain. It was seen that the results became independent of the mesh spacing when approximately 1.3610
6 tetrahedral elements were used in the flow domain. The mesh convergence analysis was performed on a model with an initial mesh of approximately 500 000 elements. The density of the mesh applied to the edges of the model was increased by a factor of 1.2 until a mesh-independent solution was obtained, with additional density applied in regions of high flow shearing. The standard relaxation factors were applied with convergence criteria of 0.0001 for all residuals as recommended by the Fluent user guide [12] for tight convergence. A second-order upwind discretization scheme is utilized as part of the solution regime for greater accuracy at the cell faces.
The computational approach has been validated by comparing the numerically simulated data for the vented discs with experimentally available data. A full description of the validation has been included in the paper by Palmer et al. [6] . It has been shown that the numerical simulations match experimental data favourably both qualitatively and quantitatively and can be used with confidence for further flow analysis. Comparison of the velocity field along two radial lines of investigation gave an average overall difference of 3.25 per cent with a standard deviation of just 0.3 between the experimental data and the CFD predicted flow. Therefore it can be ascertained that the modelling procedure is valid.
RESULTS
CFD analysis of the baseline disc unearthed many interesting fluid dynamic phenomena which have been included in the previous paper [6] . Some of the key results from the initial analysis included the identification of the position of maximum and minimum values of static pressure to be on the high-pressure and suction side of the leading edge of the pins in the front row. This corresponded to the positions of minimum and maximum relative velocities respectively. Further analysis of the temperature field revealed that regions of low-velocity magnitude and recirculation lead to the creation of heat wells within the flow field. In turn, these heat wells lead to regions of poor local heat transfer coefficient on the disc, leading to the development relationship between the static pressure, velocity, temperature, and local heat transfer distribution. The data have been further analysed with a view to emphasizing the effects of the geometric characteristics of different rows on the flow field. In order to characterize the relationship between the flow field and the pumping characteristics of the disc geometry, the radial velocity contours are shown in Fig. 4 . The radial velocity values are shown on a plane at 50 per cent of the channel height. It can clearly be seen from Fig. 4 that the radial velocity varies over a wide range within the flow field and that the maximum radial velocity obtained in the analysis is 34.8 m/s. This value has been obtained on the high-pressure side of the pins in the first row. A negative radial velocity can also be clearly seen on the leading edge of the second row of pins. The regions of positive and negative radial velocities clearly demonstrate the regions of high flow and recirculation respectively, indicating considerable non-uniformity in the flow field.
The corresponding static pressure distributions across the inlet and outlet of different rows are depicted in Fig. 5 . Figure 5 shows the difference in pressure between the exit and the inlet of the respective row, as shown by the position of the area planes in Fig. 6 . Hence, if p 2 is the pressure at exit of An optimization study of a multiple-row pin-vented brake discthe first row and p 1 is pressure at the inlet of the row, the pressure difference is Dp 1 5 p 2 2 p 1 . The nondimensional distance varies from the right edge to the left edge and is defined as the circumferential distance between the pressure side of the pin and the point of interest divided by the total circumferential distance between the pins, as shown in Fig. 7 . Figure 5 clearly indicates that across the flow channel in the first-row pins there is a considerable change in static pressure which indicates strong non-uniformity and the presence of secondary flows in the flow. A large pressure drop on the pressure side (non-dimensional channel width less than 0.5) of the pins indicates a region of high flow, which is in agreement with the maximum radial velocity seen in Fig. 4 and path lines depicted in the previous paper [6] , whereas on the suction side there is little flow and a tendency to separate occurs. The non-uniformity seen across the first row can be partly attributed to the rotation of the disc. The non-uniformity across the second row of pins is far less than that of the first row, indicating a much smaller effect of rotation on the flow around the second-row pins. However, as with the first row of pins, a smaller pressure change occurs on the highpressure side of the pin (non-dimensional channel width less than 0.5) where the majority of the flow is taking place, with a large pressure increase on the suction side where recirculation is taking place, as shown by the negative values of radial velocity in Fig. 4 . The same trend is again evident in the pressure distribution around the third row of pins; however, the non-uniformity around the third row of pins is much lower than around the second row of pins. Comparison of the average pressure drop across the three rows shows that the average static pressure change across the row steadily increases with radial distance from the centre of the disc; with a pressure drop across the first row of 63 Pa, a pressure increase of 137 Pa for the second row, and a further increase of 255 Pa across the third row. The extent of the variation along the rows is quite considerable for the first row compared with the second row as well as with the third row.
OPTIMIZATION OF ROW GEOMETRY
To understand the dependence of flow characteristics on the geometric parameters corresponding to different pins as described earlier, the change in static pressure across different rows has been shown in Fig. 8 . The geometric parameter chosen in the present analysis is the frontal area of the pins in the row of interest. The value of the pressure drop shown is the difference in the mean static pressures experienced by the virtual inlet and outlet surfaces to each row labelled Area 1 to Area 4 in Fig. 6 , e.g. the static pressure change across the first row is the mean pressure on Area 2 less the mean pressure experienced on Area 1. Figure 8 indicates that variation in the geometry of the pins in each row affects the pressure drop across each row and hence the mass flow characteristics considerably. Examining the pressure drop across the first row shows that changes in the frontal area of the first row of pins causes a pronounced peak corresponding with a pressure drop value of about 275 Pa between frontal area values of 110 mm 2 and 145 mm 2 . The effect of changes in the frontal areas of the second row of pins and third row of pins shows a mixed trend with the second row leading to a unique trough at 160 mm 2 with a maximum pressure drop of 95.6 Pa, whereas increasing the frontal area of the third row of pins tends to generate a larger pressure drop across the first row.
Study of the pressure change across the second row of pins reveals that changes to the second-row pin geometry (pin frontal area) result in a local peak at 127 mm 2 corresponding to a maximum pressure change of 137 Pa and a minimum value of 82 Pa observed at 216 mm 2 . The effect of the first row on the pressure change across the second row generally shows that increasing the thickness of the first row of pins has very little effect with the exception of a peak seen at 80 mm 2 . The effect of the third row on the pressure change across the third row is highly Fig. 7 Non-dimensional geometric parameters non-uniform with no systematic effect. The pressure change across the third row of pins seems to be equally affected by the change in pin geometry of the first, second, and third rows of pins, with an increase in pin thickness leading to a decrease in the pressure change across the row of approximately 8 per cent.
It is evident from the above discussion that a change in the geometry of each row has an effect on the flow characteristics through the disc. The mass flow through the disc is directly dependent on the pressure drop between the entry and the exit of the disc. The effect of pin geometry variation on this important parameter has been clearly depicted in Fig. 9 .
It can be seen from Fig. 9 that with increase in pin frontal area the pressure drop decreases, indicating less airflow through the disc. The pressure drop is quite high for front-row pins followed by the second and third rows of pins. This substantiates the hypothesis set out in reference [6] that the frontal areas of the second and third rows of pins have comparatively less effect on the mass flowrate through the disc and hence the heat transfer than the first row of pins. Figure 10 shows variation in the mass flowrate through the disc with changing profiles of the three rows of pins. An approximate 200 per cent increase in frontal area of the first row of pins decreases the mass flowrate through the disc by about 15 per cent whereas almost the same percentage change in the third-row pin changes the mass flowrate by about 6 per cent. The second row of pins shows a mixed trend, indicating an optimal frontal area correspond- Fig. 8 Effect of the pin geometry on the local static pressure change Fig. 9 Effect of the pin geometry on the overall change in static pressure Fig. 10 Effect of the individual pin frontal area on the mass flowrate
An optimization study of a multiple-row pin-vented brake discing to the peak flowrate; however, the rate of change in mass flowrate with respect to frontal area is significantly lower than that of the first row of pins. From a comparison of Figs 9 and 10 the relationship between the static pressure across the disc and the mass flowrate through the vane passage can be seen. It is evident that increasing the pin frontal area reduces the pressure difference between the inlet and outlet of the vane passage and hence reduces the mass flowrate through the disc. The effect of increasing the width of the pins on the internal flow field has been discussed in detail in previous work [7, 9] . In these investigations it was found that increasing the width of the pins increased the size of the region of relatively high pressure on the leading edge of the pins. This effect, which is most evident for the first row of pins, increases the resistance to the flow and hence leads to reduced mass flow through the disc. The effect of the pin frontal area on the heat transfer rate is shown in Fig. 11 . The effect of the frontal area of the pins on the average heat transfer rate of the disc is similar to the effect of the pin frontal area on the mass flowrate except that for each pin row the heat transfer rate peaks at a given frontal area. As with the mass flowrate it can be seen that the first row causes the largest change in heat transfer rate with respect to frontal area, followed by the second row, with the third row having a minimal effect on the overall performance of the disc.
The objective of this paper is to develop a greater understanding of the interrelation between the heat transfer characteristics and the geometric parameters defining the pin shape. The pin frontal area directly affects the mass flowrate; hence the overall frontal area has been taken as a geometric parameter and its effect on mass flowrate and hence heat transfer rate has been investigated. Figure 12 depicts the heat transfer rate and mass flowrate from and through the section modelled in the CFD analysis. It can be seen from this figure that the heat transfer rate has a maximum value of 1825 W and a minimum value of 1755 W, giving a total range of 70 W over the range of disc geometries studied. Likewise the mass flowrate has a maximum value of 0.2 kg/s and a minimum of 0.177 75 kg/s, yielding a total range of 0.022 25 kg/s. A key result indicated by Fig. 12 is that the mass flowrate peaks at a total frontal area of 380 mm 2 and the peak heat transfer rate is also observed at the same point. This suggests that the total blockage presented to the flow is an important parameter which affects the mass flowrate and hence the heat transfer rate from the disc. Further comparison of the relationships between the mass flowrate and heat transfer rate and the total pin frontal area shows that between the total pin frontal areas of 380 mm 2 and 450 mm 2 the two parameters demonstrate almost identical trends, implying a linear relationship between the two. However, at values of the total pin frontal area above 450 mm 2 Fig. 11 Effect of the individual pin frontal area on the heat transfer rate Fig. 12 Effect of the total pin frontal area on the heat transfer rate and mass flowrate the mass flowrate continues to drop while the heat transfer rate remains relatively unchanged. The opposite relationship is seen for total pin frontal areas of less than 380 mm 2 , where increasing the mass flowrate has little effect on increasing the heat transfer rate.
The heat transfer mechanism from the ventilated disc depends on two important parameters: the wetted area presented to the flow for the transfer of energy from the disc to the air and the mass flowrate through the disc to convey this heat load to outside. It is the balancing of these two parameters that a brake disc designer has to carry out for an optimal design. The present investigation has clearly indicated that the frontal area of the pins has a strong influence on the mass flowrate; however, it gives no indication of the heat transfer properties of the disc. Hence, together with the wetted area, the frontal area is also an important parameter that needs to be considered while designing brake discs. Keeping this in view a new geometric parameter namely the 'area ratio parameter' has been developed which has been defined as the ratio of wetted area to the frontal area according to Area ratio parameter~A w A front ð7Þ
and this parameter should be related to heat transfer rate uniquely. It is proposed that the optimization of this parameter is as important as the shape of the vanes. Figure 13 clearly displays the effect of the new parameter on the heat transfer rate from the rotor; the heat transfer rate is a maximum for a value of this parameter which can be computed from _ Q Q~{0:085x 3 z8:161x 2 {247:7xz4171 ð8Þ which represents this inter-relation. In this equation, x is the new parameter and _ Q Q is the heat transfer rate in watts. From equation (8) the optimal area ratio parameter, i.e. A w /A front , can be found for maximum heat transfer. For this disc the maximum heat transfer is generated by a wetted-area-to-frontalarea ratio of 38.5. The above can be used as a design equation for distributing the mass of the disc for a given heat transfer coefficient for a given thermal capacity of the disc. For the disc used in the analysis it can be seen that the constants have particular values. These constants can be a function of a number of variables such as the speed of rotation, inner and outer diameters of the brake disc, and the nature of the pins. Further work would be required to establish dependences of these constants on the above-mentioned variables.
To eliminate the scale effect and hence to develop a unique non-dimensional correlation, the heat transfer rate was non-dimensionalized by dividing it by kinetic energy of the flow, where in the definition of kinetic energy the velocity is taken as the average total velocity at the outer radius of the disc. This parameter represents the ratio of the mass flowrate of air through the rotor to the heat transferred to the flow and is given by the equation Non-dimensional heat transfer parameter
It can be seen in Fig. 14 that the relationship Fig. 13 Effect of the area ratio on the heat transfer rate
An optimization study of a multiple-row pin-vented brake discbetween the non-dimensional heat transfer parameter and non-dimensional geometric parameter is almost linear. This indicates that, as the proportion of wetted area to frontal area increases, the nondimensional heat transfer parameter decreases. This relationship substantiates that the ratio of the wetted area to frontal area represents a balance between the mass flowrate and the heat transfer rate and that the heat transfer coefficient and pumping efficiency are uniquely dependent on this ratio. This demonstrates that, in place of the wetted area, the ratio of the wetted area to the frontal area is a more appropriate geometric parameter which needs to be optimized for a given heat transfer requirement from the disc.
CONCLUSIONS
This work has very clearly demonstrated that the mass distribution of the disc affects heat transfer through the brake disc considerably. From the discussion it is clear that, as hypothesized in previous work [6] , the first row of pins has the most significant effect on the flow field through the disc (as shown by the change in static pressure through the rotor) and hence the mass flowrate and the heat transfer rate from the disc. The second row has the next-largest effect and the third row only a small effect on the thermoaerodynamic performance of the disc. An area ratio A w /A front has been identified which can be optimized to give maximum heat transfer, enabling designers to balance the pumping efficiency of the disc and the heat transfer. In the present analysis it has been seen that this parameter gives a maximum heat transfer rate at a value of 38.5. It is proposed that optimization of this parameter is as important as the shape of the pins or vanes and that further work will identify the effects of the speed of rotation, inner and outer radii of the disc, and height of the vane gap on this ratio that will be applicable to any type of disc regardless of the vane configuration.
A second parameter, namely non-dimensional energy transfer, has also been identified for analysing the relative performance of the disc and represents a measure of a disc's heat transfer abilities relative to its pumping efficiency. This parameter has been shown to be linearly dependent on the area ratio and hence can be used by brake designers directly to calculate the mass distribution within the disc as a function of the heat transfer rate.
It is proposed to carry out additional work to identify the remaining constants within the design equations proposed on the basis of which a set of powerful design guidelines can be developed. These guidelines will aid the designer in the initial design of vented brake rotors for a given application and performance criteria.
